In this paper, we present the mechatronics design, modeling and preliminary control of a new 5 degrees of freedom (DoF) exoskeleton, dedicated for the upper limb rehabilitation. The designed exoskeleton allows the shoulder rotations as well as the elbow movements. It combines the advantages of both parallel and serial mechanisms. It has been designed by considering the main factors in designing a general use robotic force-feedback device and the human upper limb specications. This active device, as a kind of haptic device, provides two ways communication in both position and force, and allows patients to interact with the virtual reality system and practice activities of daily living (ADL) assistance. The kinematic model of the exoskeleton is presented. In order to evaluate the performance of the exoskeleton, a preliminary position and torque controllers have been implemented.
INTRODUCTION
Due to the increasing need of physical rehabilitation of the upper extremity, many research groups have proposed robotic devices with the potential to facilitate the rehabilitation process. Many devices for upper limb rehabilitation have already been proposed. These devices have the potential to address this problem as noted by the results of recent research studies. An excellent survey and a state-of-the-art on robotic devices for upper limb rehabilitation is compiled in (Maciejasz et al., 2014) in which more than 200 references and more than 100 devices have been cited and compared in terms of number of degrees of freedom (DOF), actuation, supported movements of the limb (shoulder, elbow, forearm, wrist and fingers), control inputs, type and field of application and their stage of development. A vast majority of these proposed devices are technically advanced and are designed for clinical settings. However, there is still significant need to improve efficiency and reduce cost of home-based devices for therapy and ADLs assistance. The effectiveness of robotic over conventional therapy is arguable and the best therapy strategy is still not clear (Maciejasz et al., 2014) (Jarrassee et al., 2014) . The situation may change soon, because more and more devices are being commercialized and more scientific results will be available. It may encourage next groups to propose their own solutions. Developing new devices and improving those already in the market will be easier, when taking advantage from the already existing solutions (Gopura et al., 2011) (Jarrassee et al., 2014) (Chay et al., 2014) .
The aim of this work is to propose a new device for the upper limb rehabilitation. The proposed exoskeleton-based devices have a mechanical structure that mirrors the skeletal structure of patients limb. Therefore movement in the particular joint of the device directly produces a movement of the specific joint of the limb. The use of exoskeleton-based rehabilitation allows for independent and concurrent control of particular movement of patients arm in many joints, even if the overall number of assisted movements is higher than six. However, in order to avoid patient injury, we have taken care in our device to adjust lengths of particular segments of the manipulator to the lengths of the segments of the patient arm. Therefore setting-up such device for a particular patient, especially if the device has many segments, may take a significant amount of time.
This paper is organized as follows: Section 2 presents the mechanical design methodology of the new exoskeleton with respect to the design requirement of such a device. Section 3 presents the kinematics of the exoskeleton, forward and reverse kinematic will be computed, the Jaccobian matrix will be derived. These models will be used to develop controller for the exoskeleton. Section 4 develops the control setup and preliminary position and torque control schemes of the 5 DOF exoskeleton based on a Propotional Derivative (PD) and Propotional Integral Derivative (PID) controllers. Finally, we will present some results about the control loops implementation.
MECHANICAL DESIGN METHODOLOGY

Design Considerations
Upper limb rehabilitation devices require movement of shoulder joint and elbow joint for both limbs. The movement of the shoulder and elbow are contributed to the rotation and translation of the wrist. Shoulder is the most complex joint in the human arm i.e., movement of the shoulder joint can be estimated as rotation in single ball-and-socket joint with 3 DOFs. Elbow has a hinge joint which can rotate with 2 DOFs as shown in Fig. 1 . The human arm torque requirements during daily activities are presented in table 1. 
Hybrid Mechanical Structure Design
When considering the construction of a robotic device, there is a choice between serial and parallel mechanisms (Chen et al., 2014) . The key difference between serial mechanisms and parallel mechanisms is in their kinematics structures. Parallel mechanisms are composed of, at least, two closed chains that connect a moving platform to a fixed base thus allowing the actuator to be away from the moving platform. For a relatively similar size of the linkages, a serial mechanism presents a larger workspace volume than a parallel mechanism. For parallel mechanism, workspace is compromised by the constraints of all links that connect the end-effector. For serial mechanism, every actuator has to exert enough torque and power to move all distal links and overhead actuators. However, the actuators of a parallel mechanism can be placed on ground to support stronger payload than a serial mechanism does. It can be made so for serial mechanisms, but at the cost of complex transmission mechanisms and this is not always possible for all the links. For parallel mechanism, the geometrical errors are not accumulated, as all the branches are connected to the end-effector. The dimension accuracy of each link must be high so that the position and orientation of the end effector is more accurate than a serial mechanism. For serial mechanism, the geometrical errors are accumulated for each link. Therefore, the end effector will have lower position accuracy. For serial mechanism (Laycock and Day, 2003) , each chain increases the total inertia while it decreases the total stiffness. Parallel mechanisms do not exhibit the above problem and have a much higher stiffness (Birglen et al., 2002) . The disadvantage over serial mechanisms is that the mechanism's elements can physically interfere. The advantages of both mechanisms are incorporated by combining them in a hybrid configuration (Baser et al., 2006 ) that includes both parallel and serial linkages. By using hybrid configurations, the stiffness remains relatively high and a large workspace can be achieved. Our design contains 5 DOF: there is 2 DOF parallel mechanism which insures the abduction/adduction, flexion/extension rotations of the shoulder.
This parallel mechanism consists in two legs (chains), each being regarded as a serial manipulator. The first chain constitutes a two-axes serial manipulator and the second chain constitutes a three-axes serial manipulator. These two chains are coupled through a moving part that supports a third 3 DOF serial chain. The first DOF of this chain ensures the lateral rotation/medial rotation of the shoulder. The fourth and fifth rotations ensure the flexion/extension and the abduction/adduction rotations of the elbow. The design of our device was performed and validated under the SolidWorks software.
Actuation, Transmission and Reduction
The actuation, the reduction and the transmission are closely coupled and must be designed together. They are selected according to the requirements specified in the last subsection. The type of the incorporated actuators affects the overall weight of the device. In most cases, a good actuator should be compact and light as well as capable of producing the necessary power to deliver necessary forces. There are tradeoffs between power, volume and weight since actuators capable of producing large forces are generally heavier and are larger in size than those actuators capable of smaller forces. The dimensioning procedure of the actuator was performed under MotionWorks plug-in of Solidworks, by applying dynamic forces on device end-effector and then obtaining the required actuator torques. We select brushed Maxon DC motors with a low inertia and low friction, which are suitable for this kind of devices. Maxon RE40 is used for the abduction/adduction, flexion/extension rotations of the shoulder and RE25 for the flexion/extension and the abduction/adduction rotations of the elbow and the lateral rotation/medial rotation of the shoulder. In order to provide the highest amount of fidelity, direct drive (absence of transmission of reduction) is likely to be the best solution. However, this solution does not provide adequate forces/torques needed for our application, which we saw earlier is critical. Among the other transmission and reduction techniques such as the use of linkages, cables, steel belts, shafts plus gears, this last one gives the worst case (Hayward, 1995) since it causes high backlash and high back-drive friction due to the gear gaps and gear friction. Back-drive friction and backlash can be reduced by using cable driven transmission systems. Therefore, cable driven transmission technique (capstan) was used in our design.
A solution consists of using a combined reduction (Planetary gear/capstan) in order to amplify the torques developed by the actuators. We use planetary gears reduction because it has fewer backlashes and less friction, especially when the reduction ratio is small (the reduction ratio are 4 for RE40 actuators and 19 for the RE25 actuators in this case). We have designed capstan reduction mechanisms with a ratio of 20 for the abduction/adduction and flexion/extension rotations of the shoulder and 10 for the lateral rotation/medial rotation of the shoulder and the flexion/extension and the abduction/adduction rotations of the elbow. The resulting reduction ratios and the maximal torque that could be generated for each axis are presented in Table 2 . This solution is able to provide additional torque for gravity and friction compensation. As it was presented previousely, the exoskeleton should include low inertia, no backlash, light weight and negligible friction (Laycock and Day, 2003) . Therefore, a compromise has to be reached between the various design goals. Obtaining negligible friction can be a problem, particularly when high stiffness is required. High stiffness implies a stiff mechanical interface which needs to be constructed from metal which increase the friction and the overall weight of the device. This provides a conflict between obtaining high stiffness while keeping low friction (Baser et al., 2006) (Laycock and Day, 2003) . So that, the materials used to construct such devices need to be considered with additional costs. In our design:
• Aluminum was used in order to minimize the deflection due to the stiffness of the linkages.
• Cable driven transmission technique was used in order to overcome backlash deflection.
• Stainless steel ball bearings and high precision manufacturing methods were used in order to overcome joint deflections.
The Computer Aided Design (CAD) model of the exoskeleton is shown in Figure 2 and table 3.
Stress and Deflection Analysis
After the completion of the preliminary mechanical design procedure, links shape and thickness must be optimized to satisfy the design requirements mentioned before, such as the reduction of the inertia of the device and the maximization of the stiffness. For this structure, the links stress analysis is carried out using COSMOSXpress plug-in of Solidworks. Static analysis of the mechanical design would be sufficient because the device will be used with low speeds. The links shape and weights are computed for aluminum with a Young modulus of 69000 MPa and a mass density of 2700 kg/m 3 as construction material. This material is used because of its high yield strength over weight ratio. According to the analysis results, the shape and the thickness of the links should be modified in iterations. The weight values of the motors, reductors and links starting from the tool tip and moving to the base of the robot are used to determine the static load on the robot links.
In Figure 3 , an example of deformation and distribution of von-Mises stresses are illustrated for two links of the manipulator. Contour diagram and maximum stress points are shown in the figures. Legend on the right side of the figure shows the distribution of contour diagram. Legend on the right hand side of the figure shows the distribution of contour diagram. In this analysis, deformation in the translational movement direction is studied under static loading of 50 N, which corresponds to the maximum force that shall be applied during MIS procedures. Naturally, maximum deflection occurs at the end of the links. The maximum and minimum deformation points are shown in the figure. It has been observed that the link 1 and 3 (parts 06 and 17 in table 3) are the most critical links since they are exposed to maximum stress in any condition. The shape and thickness of the links are optimized according to the maximum deflection values obtained from the analysis. Figure 4 represents the manufactured exoskeleton. ments. All the frames intersect at one point named 'O' situated at the center of the moving platform that connects the two parallel chains to each other, thus simplifies the kinematics modeling. For each chain, the kinematics model is obtained by using the modified method of Denavit and Hartenberg (Khalil and Dombre, 1999) , where i−1 R i represents the rotation matrix from the frame F i−1 (x i−1 , y i−1 , z i−1 ) to the frame
Kinematics parameters are defined in tables 4 and 5, where α j represents the joint offsets, r j and L j the link lengths and θ j the joint variables. The moving platform is a body of both Chain 1 and Chain 2. In Chain 1, it is referenced by the frame F 2 and in chain 2 by F 6 . So that, the kinematics constraints representing the closure condition of the parallel structure formed by Chain 1 and Chain 2 are then: Table 5 : DHM kinematics parameters of Chain 2. j α j d j θ j r j 6 −π/2 0 θ 6 0 7 −π/2 0 θ 7 0 8 −π/2 0 θ 8 0 and:
Where Ci and Si stand for cos (θ i ) and sin (θ i ), respectively.
The angular positions of the passive joints θ 2 , θ 7 and θ 8 are computed based on the angular positions of the active joints θ 1 and θ 4 . Expressions (1) and (2) are not defined for θ 1 = ± π 2 and θ 2 = ± π 2 . Fortunately, all these configurations are outside the reachable workspace.
The orientation and position of the end-effector is determined by taking the joint angles of the linkages and using the forward kinematics calculation as follows:
Thus, the kinematic model of the exoskeleyon is defined as follows:
where 0 p x , 0 p y , 0 p z represents the position of the endeffector defined in the frame 0 F and (s, n, a) its orientation. We use the Euler angles (α,β ,γ ) in order to define this orientation as follows:
where :
• α defines the rotation around the Z 0 axis.
• β defines the rotation around the Y 0 axis.
• γ defines the rotation around the X 0 axis.
The workspace of the exoskeleton is presented in Table 6. 
Jaccobian Matrix
The Jacobian matrix J is one of the most important quantities in the analysis and control of robot motion. It arises in virtually every aspect of robotic manipulation: in the planning and execution of smooth trajectories, the execution of coordinated anthropomorphic motion, in the derivation of the dynamic equations of motion, and in the transformation of forces and torques from the end-effector to the manipulator joints and in the determination of singular configurations.
The resulting Jaccobian matrix of the exoskeleton is defined as follows:
where,
ELECTRONICS INTERFACE AND PRELIMINARY CONTROL LOOP DESIGN
Position and Current Sensing
The angular positions of the five active joints are measured thanks to five incremental encoders type HEDS 5540 from Maxon. These encoders are placed in the rear of the motors and provide 500 pulsations per revolution of the motor axis. Thus, the position measurement resolution is computed by taking into account, the reduction ratio ((360/500)/N, while N is the reduction ratio). Table 2 presents the angular position resolution of each joint. Current sensors type LTS 15-NP are also integrated in order to measure the actuator's current. The measured current is used in order to estimate the actuator's torque.
Electronics Interface
The control setup consists in a dSPACE DS1103 Control Board which is a versatile and powerful real-time measurement and control board. The power stage is designed based on two OPA541 and three OPA548 operational power amplifiers from Burr-Brown which are able to provide a current about 10 for RE40 motors and 3A for RE25 motors respectively (Fig. 6 ). 
Preliminary Control Loop Design
In order to assess the model and to evaluate the performances of the assembled exoskeleton, basic position and torque control loops are implemented. We used proportional-derivative (PD) and proportionalderivative-intergral (PID) controllers respectively for each joint of the exoskeleton (see Fig.7 for position control and Fig.8 for torque control). In Fig.8 , constants K i (i = 1, ...5) represent the torque constants of the actuators.
These preliminary controllers have been implemented successfully. results for square torque tracking. These results show that the PD controller allows improving the time response of the system and eliminating the static error in the position control loop in a stable way. Similar remarks are recorded for the torque controller. So that, and since the first instant, the resulting trajectory converges faster to the desired one. These results show the good tracking capability of the developped exoskeleton.
CONCLUSION
A new exoskeleton has been designed and realized for the upper limb rehabilitation objective. This new device takes benefits from both the advantages of serial mechanisms and parallel mechanisms. It allows moving the shoulder joint around three axes and the elbow around two axes. Kinematics of the exoskeleton has been computed, and its capabilities have been determined and compared to the requirements. Preliminary position and torque control loops have been implemented in order to evaluate the basic performance of the device in term of position and torque tracking. Future works will concern a bandwidth analysis, model based control, admittance control, and clinical evaluation of the exoskeleton.
